Background. Checklists can reduce medical errors. However, the effectiveness of checklists is hampered by lack of acceptance and compliance. Recently, a new type of checklist with dynamic properties has been created to provide more specific checklist items for each individual patient. Our purpose in this simulation-based study was to investigate a newly developed intelligent dynamic clinical checklist (DCC) for the intensive care unit (ICU) ward round. Methods. Eligible clinicians were invited to participate as volunteers. Highest achievable scores were established for six typical ICU scenarios to determine which items must be checked. The participants compared the DCC with the local standard of care. The primary outcomes were the caregiver satisfaction score and the percentages of checked items overall and of critical items requiring a direct intervention. Results. In total, 20 participants were included, who performed 116 scenarios. The median percentage of checked items was 100.0% with the DCC and 73.6% for the scenarios completed with local standard of care (P<0.001). Critical items remained unchecked in 23.1% of the scenarios performed with local standard of care and 0.0% of the scenarios where the DCC was available (P<0.001). The mean satisfaction score of the DCC was 4.13 out of 5. Conclusions. This simulation study indicates that an intelligent DCC significantly increases compliance with best practice by reducing the percentage of unchecked items during ICU ward rounds, while the user satisfaction rate remains high. Real-life clinical research is required to evaluate this new type of checklist further.
used in other high-risk industries, the checklist, has been tested as a method in medical care, with encouraging results. [5] [6] [7] [8] [9] [10] Haynes and colleagues 5 showed that the surgical safety checklist standardizes preoperative care, resulting in a cost-effective reduction of morbidity and mortality. Likewise, De Vries and colleagues 7 demonstrated that implementing multidisciplinary checklists in the surgical pathway, from admission to discharge, significantly reduced the proportion of patients with one or more complications from 15.4 to 10.6% in Dutch hospitals. However, numerous subsequent qualitative studies could not reproduce these beneficial effects, which could be attributable to the remaining challenge of checklist implementation in medical care, which is a lack of acceptance and compliance. 5 7 11-16 A possible cause could be that current static checklists negatively interfere with the daily workflow of caregivers because they do not provide contextual information that makes it easier to complete the checklist and they cannot include or exclude items based on the characteristics of a particular patient and caregiver. Recently, Nan and colleagues 17 created TraceBook, a new decision support system that integrates workflow management with the use of dynamic clinical checklists (DCCs) in a processoriented and context-aware manner to make clinical processes more traceable and the people in it more accountable. These new forms of intelligent checklists derive their dynamic property from being connected with the electronic health record (EHR) and other electronic medical databases. These checklists are therefore able to provide real-time relevant information and specific items of patients to the specific user. Our hypothesis is that these dynamic characteristics can ensure a high satisfaction rate among clinicians and improve the compliance with best eligible practice. The aim of this study was to evaluate whether the compliance with best eligible practice is increased with this new type of checklist, while keeping the satisfaction rate high.
Methods
This simulation-based study was conducted in November 2014 in the Intensive Care Department of Catharina Hospital Eindhoven, a tertiary hospital in The Netherlands. The simulations were performed as in situ simulations in a real room of the ICU with a mannequin as the patient.
Scenario development
We created six patient scenarios based on data of patients who had been admitted to the ICU and deliberately implemented some flaws (Supplementary material Appendix 1). The patients were virtually admitted in the EHR-test environment (CS-EZIS test, Chipsoft BV, Amsterdam, The Netherlands).
For each scenario, we established a highest achievable score containing all the items that should be checked by the participant during each ward round. The items were identified based on guidelines, the current paper checklist (Supplementary material Appendix 2) and local expert opinion. Medical issues requiring a direct intervention were called critical items. The scenarios with their corresponding highest achievable scores were reviewed and approved by two intensivists (A.J.G.H.B. and H.H.M.K.) of the research team, who did not participate in the trial.
Study participants
Clinically active clinicians were eligible to participate if they had ward round experience on the ICU for at least 1 month between January 2013 and November 2014. Participants could be intensivists, nurse practitioners of the ICU, residents, or final year medical students after an ICU internship. Eligible participants were invited to participate, and participation was voluntary. When completing the survey, participants gave verbal and written consent for the use of the collected data for publication.
Local standard of care
The current local standard of care (LSC) during an ICU ward round is a paper checklist that is available at the bedside to be used at the caregiver's convenience. This paper checklist is based on the FAST HUG mnemonic, 3 18 and since its introduction on the ICU, intensivists have optimized this checklist by adding extra items (Supplementary material Appendix 2). For more than a decade, the Catharina Hospital Eindhoven has also been using the clinical decision support system (CDSS) GASTON to improve guideline compliance regarding medication. [19] [20] [21] This CDSS is connected to the EHR and checks predetermined pharmacological clinical rules for the ICU (Supplementary material Appendix 3). If these clinical rules are violated, the CDSS produces alerts. 20 An example of such a violation could be a patient on the ICU receiving non-steroidal anti-inflammatory drugs without gastric protection. Once a day, after the ICU ward rounds, a list of all the alerts is generated and evaluated by a hospital pharmacist, who then contacts the physician on duty by telephone to discuss the recommendations. This physician decides whether a recommendation should lead to an intervention or not. 20 
Intelligent dynamic clinical checklist
The intervention was based on the use of an intelligent DCC that generates a dedicated checklist for each individual patient. To do this, the systems of TraceBook and GASTON both use a rule engine containing a model of algorithms, comparable with a decision tree, with general clinical rules and pharmacological rules that are both specifically applicable to the ICU. 19 20 First GASTON gathers the relevant information about the patient from different medical information systems, such as patient monitors, the EHR, the pharmaceutical prescription system, and others. Then GASTON and TraceBook run the rule engines containing the clinical and pharmaceutical rules with their algorithms, and TraceBook determines which rules are relevant for a specific patient in a specific context and should become a checkable item for the DCC of that particular patient. Some of these items can be checked automatically, depending on the available information, on the algorithm of the rules, and on whether local consensus of the professionals decided that a rule
Editor's key points
• Checklists have been shown to reduce medical errors, but there remains some resistance to their use in practice.
• This study evaluated the simulated use of an 'intelligent' checklist incorporating real-time individual patient information in intensive care unit patients.
• Compliance during simulation with the checklist was 100%, compared with 73% using a standard paper-based checklist, which also missed several critical items.
• 'Intelligent' checklists may have potential, but real-life clinical data are required. may be checked automatically. This last condition also implies that professionals can decide that some rules should not be checked automatically.
The model for the DCC for the ICU ward round is based on the combination of our local paper checklist, which is also available during LSC, and the pharmacological rules that are specifically applicable for our ICU and generated by GASTON (Supplemenary material Appendixes S2 and S3, respectively). Figure 1 provides a schematic overview of how a DCC is composed, showing a small part of the algorithm for prescribing analgesia based on the pain rating scale, because this comprehensively illustrates how the clinical rules work and how they generate checkable or automatically checkable items in the DCC. Figure 1 also demonstrates a part of the DCC where TraceBook can highlight text for extra attention and provide the user with data from the EHR and guidelines on request.
The whole system was designed to create or modify the rules in the model easily. No rules were adjusted, added, or removed during the simulation procedure. The number of items and critical items that were relevant and needed to be checked per scenario are described in Table 1 . In addition, Table 1 shows the number of these relevant checkable items that can be checked automatically by the DCC.
Simulation procedure
Participants were randomly assigned into two groups for a crossover design. Group 1 performed Scenarios 1-3 by local standard of care, followed by a tutorial about the DCC, and then they completed Scenarios 4-6 with the DCC available. Group 2 performed Scenarios 4-6 by local standard of care, followed by the same tutorial, and then they accomplishing Scenarios 1-3 with the DCC available (Fig. 2) .
As in daily routine, the principal investigator informed each participant about the clinical history of each simulated scenario, including medical history, physical examination, diagnostic tests, and the conclusion with the plan for the day. After this presentation, the participant had the opportunity to agree with the proposed plan or to adjust it as he preferred. To make this decision, the participant could choose to use either the paper checklist or the DCC, depending on which one was available in the scenario, or not to use a checklist. The scenario was considered complete when the participant declared that he had finished the scenario. After finishing all six scenarios, the participant completed a survey containing questions on usability, training and support, behaviour change, usefulness, and user satisfaction on a five-point Likert scale (with 1 totally disagree, 2 disagree, 3 neutral, 4 agree, and 5 totally agree). Participants were also asked to rate their satisfaction of the DCC on a scale from 1 to 5, where a higher score indicates better satisfaction (Supplementary material Appendix 4).
Data collection and analyses
All scenarios were observed by one observer and recorded on video. The observer was sitting out of sight of the participants and noted which items were checked. Items could be checked verbally or in writing, and interventions were documented. The principal investigator reviewed all video recordings to doublecheck which items had been checked.
The primary outcomes were the satisfaction rate of the DCC and the percentages of checked items and unchecked critical items during the scenarios. The secondary outcomes were the required time from the end of the presentation until the end of the scenario and the percentage of scenarios needing a telephone call by the pharmacist based on violated pharmacological clinical rules.
Statistical analyses were performed with SPSS version 21 (IBM Corp., Armonk, NY, USA). The distribution of continuous variables was assessed with Kolmogorov-Smirnov tests. The v 2 test and independent-samples t-test were used if data were parametric, whereas the Mann-Whitney U-test was used for non-parametric data. A two-sided P-value <0.05 was considered statistically significant.
Results

Participants and scenarios
Twenty clinicians consented to participate in this study: three intensivists, 15 residents, one nurse practitioner, and one finalyear medical student. The difference in experience (in weeks) between Group 1 [median¼20, interquartile range (IQR)¼16-52] and Group 2 (median¼54, IQR¼16-200) was not significant (P¼0.23). In total, the participants completed 116 scenarios. Two participants could not fulfil all six scenarios because of work-related issues and performed four scenarios instead. In one instance, the DCC had been forgotten, and therefore this simulated scenario was counted as a ward round performed with the local standard of care.
The patient characteristics of each scenario are described in Table 1 . automatically checkable items that were checked per scenario if LSC or the DCC was applied. Based on CDSS alerts after the ward round, the pharmacist had to call after 80.0% of the scenarios performed with LSC, compared with 3.6% (P<0.001) of the scenarios performed with the DCC available (Fig. 4) .
Outcomes
For four scenarios, the time from the end of the presentation until the end of the scenario was shorter with LSC than with the DCC [264 (SD 135) vs 364 (125) s ; P<0.001, 95% confidence interval, À150 to À51]. In two of the scenarios, no significant difference in time was perceived (Fig. 5) .
The mean satisfaction score of the DCC was 4.13 out of 5 (95% confidence interval of 3.91-4.34). All participants agreed with the statement that there is a potential for intelligent DCCs in medical care. These last two results are described with the other results of the survey in Supplementary material Appendix 4.
Discussion
In this prospective simulation-based study, we observed that the compliance with the best eligible practice during ICU ward rounds improved if an intelligent DCC was available, based on a significantly improved percentage of checked items and a significantly reduced percentage of unchecked critical items. This improvement significantly reduced the need for intervention recommendations by the hospital pharmacist after the ward rounds. Although the time required to complete the scenarios with the DCC was significantly longer in four of the six scenarios, the satisfaction score for the DCC was high.
The most notable outcome of our study is that with the DCC, the median percentage of checked items was 100%, as opposed to 73.6% with LSC. The latter percentage is similar to the percentage of checked items found in other studies that used paper checklists. 8 22-24 Our results with the DCC cannot be compared with the results of other studies, because the intelligent DCC is a new sophisticated form of checklist. Therefore, research on this particular type of checklist is not available, and research on digital checklists overall is scarce. Thongprayoon and colleagues 22 showed that if a digital checklist was used during ICU ward rounds instead of a paper checklist with identical questions, the percentage of unchecked items decreased from 14.9 to 8.8%. In our study, an even larger reduction was established. This can probably be explained by the dynamic design of the DCC, with features such as items being checked automatically and providing valuable information so that the checklist can be completed more easily. However, the comparison between these two studies should be considered with care, as the checklists used in the two studies also differ in terms of content. Our observation of a significantly longer time needed to complete ward rounds with digital checklists is consistent with the results of other studies, with only one study finding no difference of time. 22 25 26 However, the extra time required was never >3 min. Besides, this longer duration can be explained by the increased number of detected errors that were resolved. In the long run, this will probably prevent complications and errors, which commonly require more time of caregivers. This hypothesis is supported by the fact that the use of the DCC significantly reduced the number of CDSS alerts, which would have required the hospital pharmacist to recommend interventions after the ward rounds. The detected high satisfaction score of the DCC is supported by studies reporting an improved checklist usefulness, workload, and integration in workflow when a digital checklist was used instead of a paper checklist. However, evidence on differences in user satisfaction rates between both forms of checklists is lacking. 22 27 Based on the results of the present study, we think that the intelligent DCC can achieve a high satisfaction rate among caregivers and could therefore challenge the practical downsides of current static checklists that may be responsible for low checklist compliance. This is important because there seems to be a direct relationship between checklist compliance and morbidity reduction. 15 28 A likely explanation for the high satisfaction rate of the DCC could be the direct experience of benefit for the user, because the DCC acts as a cognitive aid and helps the user to complete the checklist. This ensures that the DCC becomes a helpful tool for clinicians, instead of being a mandatory, workloadincreasing tool that has beneficial effects only outside of the user's scope.
Another advantage of a DCC generated with the TraceBook system is that the clinical rules can easily be updated or modified, which answers the concern that current static checklists are too slow to adapt to improvements in medical practice. 28 The most important limitation of our study is inherent to the simulation-based study design. Although the testing environment was a room of the ICU with a mannequin and EHR available, common distractions on an ICU were missing, with no real-life patient, nursing staff, or family available for the participant to gather information from. A mannequin was used because a constant performance as a realistic intensive care patient for a more expensive actor is difficult and could introduce too much variation in performance or distract the participants from the interventions that needed to be investigated.
Another limitation of our study is that all scenarios were new for the participants, whereas normally the physicians are more or less aware of the patients' conditions before starting their ward rounds. Moreover, all the scenarios were presented, as objectively as possible, by the same principal investigator, who was involved in the development of the DCC. This may have had impacts on the participants' performances that have not been evaluated during our study, and it is possible that participants tried to please the investigator while completing the surveys. Nonetheless, in highly reliable organizations that use checklists, simulation is indispensable for testing and revising checklists. 2 Simulation is therefore also accepted in medicine as a method for evaluating the effectiveness of new clinical tools. 2 29-31 The DCC also is a new computer-based tool, and the impact of these features on the results of the present study remains unclear. As two final limitations, we evaluated the compliance during one ICU ward round of one patient rather than several, and we assessed the satisfaction score of the DCC, but not of the LSC. Therefore, our results shed no light on the long-term compliance and satisfaction with the DCC, nor on the comparison between the satisfaction scores of the DCC and of paper checklists. More research is needed in a real-world clinical setting over a longer period of time to investigate the long-term compliance and satisfaction rate of the DCC. In addition, it would be interesting to evaluate how the use of different DCCs by different types of medical staff in clinical pathways can improve the traceability of medical processes, the accountability of medical staff, and the safety of medical care.
Conclusion
Our simulation-based study indicates that using an intelligent DCC during ICU ward rounds improves compliance with best eligible practice based on a reduction of unchecked critical items, while user satisfaction ratings are high. Therefore, the intelligent DCC has the potential to become a helpful tool for clinicians while improving patient safety. More research is needed to evaluate this new type of intelligent checklist in real clinical settings over longer periods of time.
